Introduction
Phagocytosis, contrary to the process of endocytosis, is normally performed by specialized cells such as neutrophils, eosinophils, monocytes, macrophages, Kupffer cells and, in the eye, by the cells of retinal pigment epithelium (RPE). These cells phagocytose the tips of photoreceptor outer segments daily Fisher, 1975,1976; Hogan et al., 1974; Young and Bok, 1969) . This process in rats, is light entrained and triggered by a circadian rhythm (Goldman et al., 1980; LaVail, 1976 LaVail, ,1980 . Phagocytosis of outer segments is crucial for the maintenance of the photoreceptors, since failure of this mechanism causes degeneration of the photoreceptor cells with subsequent loss of vision (Bok and Hall, 1971) .
The process of phagocytosis is thought to have four distinct and consecutive stages. The first stage consists of receptor-mediated recognition and attachment of the phagocytic target by the plasma membrane. The second stage is ingestion, in which pseudopods filled with actin enclose the substrate and form a distinct phagosome. During the third stage, the phagosome fuses with acidified ' Supported by NE1 grants EY00444 (DB), EY 3897 OH). vesicles containing lysosomal enzymes, thereby forming a phagolysosome. The final stage is that of digestion of the phagosome by lysosomal enzymes (for reviews see Ryter, 1985; Silverstein et al., 1977 Silverstein et al., .1989 ).
Most cells performing phagocytosis follow these four stages. However, in the eye the sequence of events involving the phagocytosis of outer segments is not well understood. It has been suggested that the stage of digestion of the outer segments might begin before the outer segments are ingested into thekPE. This hypothesis is based on observations that cathepsin D, a lysosomal enzyme responsible for the degradation of opsin (Regan et al., 1980) , is found in the interphotoreceptor matrix (Adler, 1989; Adler and Martin, 1983) and that RPE cells in culture secrete this enzyme into the extracellular space (Wilcox, 1987) . In addition, there is cytochemical evidence suggesting that the lysosomal enzyme Mndependent pyrimidine 5"Ideotidase is localized transiently to the distal outer segments before and during the early stages of ingestion (Irons, 1987a,b) .
In this work we have used rapid freezing and freeze-drying combined with electron microscopic immunocytochemistry techniques to arrest and identdy the cellular processes during the phagocytosis of rod outer segment (ROS) tips by the RPE.
Materials and Methods
Preparation of Rabbit Cathepsin D Antibodies. SDS gel elccuophore-sis of purified cathepsin D from bovine spleen (Sigma; St Louis, MO) showed two bands (Figure 1) and three bands when overloaded: 45 KD, 30 KD. and 15 KD. The 30 KD and 15 KD bands originate from the 45 KD form. Antibodies were raised according to the method described by Garvey et al. (1979) . Briefly. 300 pg of purified cathepsin D in Freund's adjuvant were injected intradermally into each of two rabbits every 2 weeks for 10 weeks. Animals were bled from the marginal ear vein on the fifth, eighth, and thirteenth weeks. The specificity of the antibodies was determined by Western blots (Towbin et al., 1979) of the purified cathepsin D and homogenized RPE, as shown in Figure 1 .
Purification of IgG was performed by passing the whole serum through a protein A affinity column. IgG was concentrated with Centricon 30 tubes (Amicon; Beverly, MA).
Tissue Preparation. Fisher rat littermates entrained to a 12-hr dark-12hr light cycle, were sacrificed 5. 30. 90. or 150 min after light onset. The eyes were immediately removed, the cornea. lens, and iris were discarded, and the retina was peeled off from the RPE. choroidal. and scleral layers. The latter was cut into pieces, rapidly frozen, and subsequently freeze-dried to remove the water without lipid extraction. The tissue was placed on a piece of plastic, backed by 5% agar, surrounded by a teflon ring, mounted over foam rubber, all of which was attached to the specimen holder of a CF-100 LifeCell Cryofixation System (RMC; Tucson, AZ) (Livesey and Linner, 1988) . The tissue was rapidly frozen by electronically releasing a pneumatic plunger which pressed the RPE apical surface onto a polished copper block maintained under vacuum at -18O' C. The pressure applied to the plunger was 80 or 100 psi (Livesey and Linner. 1988). Freeze-drying of the tissue was performed in a MDD-C LifeCell Molecular Distillation Dryer (RMC). Briefly, the freeze-drying of the tissue was started at -18O' C undervacuum. While under vacuum, the temperature was raised to 20-22'C over a period of 5 days. When the tissue reached that temperature, it was r; vapor-fixed with formaldehyde to cross-link the proteins. Once vapor fixation was completed, the tissue was infiltrated overnight and embedded in Lowicryl K4M (Polysciences; Warrington, PA). Thin sections with a silver interference color were placed on formvarand carbon-coated copper grids. Sections were immunostained with a twostage immunogold method described by Janssen Life Sciences Products and by Bird et al. (1988) . Briefly, grids were rinsed with 0.1 M PBS, pH 7.4. incubated for 10 min in 4% bovine serum albumin (BSA), and transferred to IgG-purified anti-cathepsin D (A280 = 5) diluted 1:50 in 1% BSA in PBS for 2 hr. Grids were then washed in PBS, transferred to Tris-buffered saline (TBS: 15 mM Tris, 154 mM NaCI. 20 mM NaN3. pH 8.2) and incubated for 1 hr in goat anti-rabbit IgM bound to 10-nm colloidal gold particles. The IgM-gold was diluted 1:50 in 1% BSA in TBS. After washing, grids were incubated in 2% glutaraldehyde in TBS for 20 min. then rinsed in H20 and stained with uranyl acetate and lead (Sato, 1967) . In controls, primary antibodies were replaced with IgG purified from preimmune serum.
Since mitochondria are very sensitive to ice damage, their structure was used to determine the quality of tissue cryopreservation. The immunocytochemical experiments were done on those sections where the mitochondria looked well cryopreserved.
Morphometric Analysis. Electron micrographs were assembled in montages and the areas of the labeled vesicles, RPE, and phagosomes were measured with a digital planimeter (Laboratory Computer Systems; Cambridge, MA). Data analysis was performed with a Macintosh I1 computer with the JMP software package (SAS Institute; Cary, NC).
Geometrical mean values were calculated to avoid overestimation of the mean vesicle areas due to the asymmetry of the data when plotted in a linear scale. 
Results
The experimental protocol consisted of arresting phagocytosis of ROS by the RPE at 5. 30.90, and 150 min after light onset. These times were chosen on the basis of LaVail's previously published observations (1976) . Phagocytosis of the tips of ROS begins after light onset or subjective light onset for animals that have been entrained to a light-dark cycle.
Thin sections of rapidly frozen and freeze-dried RPE showed that most mitochondria were polarized to the basal side and the immunolabeled lysosomes were polarized to the apical side (Figure 2A) .
Five minutes after light onset ( Figure 2 ), some phagosomes had already been formed, without morphological evidence of digestion ( Figure 2B) . These early phagosomes were devoid of labeling, which was confined to lysosomes inside the cell (Figure 2B) .
Thirty minutes after light onset the number of phagosomes inside the RPE increased (Table 1) somes showed an increase in cathepsin D labeling (Figures 3B and 3C; Table 1 ). In addition, at 30 min after light onset lysosomes were clustered on the apical side of the nucleus (Figure 4A) . Some lysosomes were closely apposed with matching curvature of their limiting membranes (Figures 4B and 4C ), suggesting a specific and strong interaction between them. These lysosomes occupied a larger area than those observed at 5 min. To quantify this observation the area of labeled vesicles was measured at 5 , 30,90, and 150 min after light onset ( Table 1) . The vesicle area more than doubled between 5 and 90 min after light onset, and these values were statistically significant (p<O.Ol. Student's t-test) ( Figure SA; Table 1) .
At 90 min after light onset the lysosomal area appeared to peak, since at 150 min there was no further increase in labeled vesicle area ( Figure 5A ). These results suggest that a population of lysosomes fuse with each other before they interact with phagosomes. At 150 min after light onset the lamellar structure of phagolyso-somes began to disappear. At this time, a close association of large lysosomes and phagosomes was observed ( Figures 6A-6C ). This interaction of large lysosomes and phagosomes appeared to involve a specific interaction, by virtue of the matching curvatures of the lysosomal and phagosomal membranes ( Figures 6B and 6C) . In some instances, bridge-like or pore-like structures between phagosomes and lysosomes were observed ( Figure 6C ). These observations suggest that late-stage digestion of phagosomes is achieved through a process of interchange of material between phagosomes and lysosomes rather than through direct fusion.
The phagosomal area was also measured at 5, 30, 90, and 150 min after light onset. This remained constant from 5 to 150 min (Figure 5 B Table 1 ).
The number of labeled vesicles in the apical processes was also quantified. Only six labeled vesicles were observed in apical processes at 5 min after light onset and seven at 150 min after light onset. They represent from 1.2% to 5.2% of the total number of vesicles inside the cell, respectively. These vesicles (Figure 7) might contain the secreted cathepsin D that has been detected both in tissue culture and in situ (Adler, 1989; Wikcox, 1987; Adler and Martin, 1983) .
The phagocytic process in rats is entrained by light and triggered by circadian factors (LaVail. 1976,1980 ). To determine whether the fusion of lysosomes was triggered by hght, the lights were tumed on 2 hr before subjective light onset. Under this condition, the phagocytic process was triggered and fusion of lysosomes also OCcurred (Figure 8) , as suggested by the increase in lysosomal area. The number of phagosomes per total RPE area reached a maximum at 90 min (lible 2). The newly ingested phagosomes ( Figure  8A) w r e first observed in association with small lysosomes. At later stages, the phagosomes seemed to interact with larger lysosomes (Figures 8B and 8C) . Quantification of the lysosomal area at 5, 30,90, and 150 min after light onset showed that the area increased between 5 and 90 min after light onset (Figure 9 ; Tiible 2). The increase in area was comparable to that found in the preceding experiments which utilized a 12-hr light-12-hr dark cycle (Figure 9) . These results suggest that the fusion of lysosomes was triggered by light.
To determine whether the fusion of lysosomes is under circadian control the rats were maintained in the dark after entrainment. Dissection of the eyes was done under red light, which does not trigger phagocytosis (LaVail, 1980) . Quantification of the lysosomal area at 5,30,90, and 150 min after subjective light onset showed that there was an increase in the lysosomal area from 5 to 90 min (Figure 9 ; Table 3 ). The increase in area from 5 to 90 min was not as large as in the 12-hr dark-12-hr light cycle or after the light-triggered response before subjective light onset (Figure 9 ). This result suggests that although the fusion of lysosomes did occur, the response was not as large as when hght-triggered. The mechanisms of interaction between large lysosomes and phagosomes uiggered by the circadian rhythm appeared to be the same as that which occurred during the 12-hr light-12-hr dark cycle. When phagocytosis was triggered by circadian factors, lysosomes and phagosomes were also closely apposed with matching curvatures of their membranes, suggesting a specific interaction between both organelles, as seen in the 12-hr light-12-hr dark cycle.
Finally, rats that were previously entrained to a 12-hr light-12hr dark cycle were maintained under dim light conditions during the 12-hr dark phase and were sacrificed 5,30, or 90 min after subjective light onset. Under this condition, phagocytosis remained at basal levels without a shedding peak (Goldman et al., 1980) . Unlike the experiments in which lysosomal fusion was triggered either by light or circadian factors, there was no increase in area ( Figure 9 ; Table 4 ). The lack of increase in lysosomal area provides further support for the concept that fusion is triggered by light and circadian mechanisms.
Discussion
The results obtained in this study suggest that during the process of phagocytosis of ROS by W E the digestion stage begins after the --------_ -259 Figure 6 . (A) One hundred fifty min after light onset, phagosomes had lost some of their lamellar structure and were in close apposition with larger lysosomes. ingestion stage is completed, as described for other phagocytic cells (Silverstein et al., 1977 (Silverstein et al., ,1989 Ryter, 1985) . This study also reveals that phagosomes interact with two populations of lysosomes. First, phagosomes fuse with smaller lysosomes and then interact, proba-bly through bridge-like or pore-like structures, with larger lysosomes, which are formed by fusion of smaller lysosomes.
It has been suggested previously that cathepsin D might be active on opsin before the tips of the ROS are ingested into the RPE cells, implying that the digestion stage might occur before the in-The observation of close apposition between lysosomes, and begestion stage (Adler, 1989;  Adler and Martin, 1983) . This is based tween lysosomes and phagosomes, suggests a strong interaction beon the observation that cathepsin D is found in the interphotorecep-tween apposed organelles. Since the lowest energy state is a unitor matrix. If the extracellular cathepsin D were digesting ROS be-formly curved ellipsoid, the observed matching curvature of their fore the ingestion stage, we should have observed early phagosomes limiting membranes suggests that some force is required to prolabeled with cathepsin D. However, we did not observe any label duce it. The energy required to produce the matching interface in early phagosomes that might suggest that cathepsin D enters would come from the interactive process that brings the two orthe ROS through the extracellular space. We observed very few la-ganelles together (Jones. 1975) . beled vesicles in the RPE apical processes. They represent about The increase in lysosomal area observed in this work strongly 1.2-5.2% of the total number of labeled vesicles present in the cell.
suggests that lipids are added to lysosomal membrane, most likely We think that the cathepsin D contained in the apical processes by fusion with other lysosomes. Evidence supporting the idea of might be part of the pool of cathepsin D that is discharged into an increase in lysosomal area by lysosome-lysosome fusion rather the interphotoreceptor matrix as observed by several investigators than lysosome-vesicle fusion comes from micrographs showing la- (Adler, 1989;  Adler and Martin, 1983;  and Bosch, Horwitz, and beled lysosomes in close apposition and with matching curvature Bok, unpublished observations). The function of this enzyme in of their limiting membranes. this extracellular compartment remains obscure, especially since
The observations presented here suggest that the interaction it requires an acidic environment ofpH 3-3.5 for maximal activity.
of lysosomes with phagosomes is more complex than the forma- (Table 2 ). In this experiment the lights were turned on 2 hr before subjective light onset. Filled squares represent the absolute change from bmin baseline at 5, 30, 90, and 150 min after subjective light onset (Table 3) .
In this experiment the animals were kept in the dark. Filled triangles represent the absolute change from 5 " n baseline at 5,30, and SO min after subjective light onset (Table 4 ). In this experiment the animals were kept overnigM in dim light. was an increase in phagosomal labeling while phagosomes maintained their size, suggesting that complete fusion between phagosomes and large lysosomes did not occur. There is evidence from the study of mouse peritoneal macrophages that the content of lysosomes is selectively and sequentially transferred to phagosomes over a period of time that can last for 24 hr (Wang and Goren, 1987) . Therefore, it seems that in these cells the interaction between phagosomes and lysosomes might be similar to that observed in the RPE. It would be important to determine whether in other macrophages the interaction between lysosomes and phagosomes is similar to that described in this study of the RPE.
The phagocytosis of ROS in mammals is entrained by light and triggered by circadian factors (LaVail, 1976,1980) . The results obtained in this study suggest that the fusion of lysosomes with one another is physically independent ofthe formation of phagosomcs. This suggests that the two processes, phagocytosis and lysosomal fusion, are independently and simultaneously driven by mechanisms that are both circadian and light-triggered.
